1 The pathophysiological significance of ATP-sensitive K+ (KATP) channels in the central nervous system is not fully understood. In this study the effects of nicorandil (a hybrid vasodilator having a dual mechanism of action as a K+ channel opener and a nitrate) on the recovery of the spinal cord reflex potentials after spinal cord ischaemia were examined and compared with those of pinacidil and nitroprusside in anaesthetized spinal cats. 2 Spinal cord ischaemia was produced by occlusion of the thoracic aorta and the bilateral internal mammary arteries for 10 min. Regional blood flow in the spinal cord was continuously measured with a laser-Doppler flow meter. The monosynaptic (MSR) and polysynaptic reflex (PSR) potentials, elicited by electrical stimulation of the tibial nerve, were recorded from the lumbo-sacral ventral root. The recovery process of spinal reflex potentials was reproducible when the occlusion was repeated twice at an interval of 120 min. 3 Pretreatment with nicorandil (30-100 gg kg-') accelerated the recovery of PSR potentials after spinal cord ischaemia. Such an accelerating effect on the recovery of PSR potentials was also shared by pinacidil (100 gg kg-'), another K+ channel opener. In addition, the accelerating effect of nicorandil (100 jIg kg-') on the recovery of PSR potentials was abolished by co-administration of glibenclamide (3 mg kg-'), a sulphonylurea KATP channel blocker. Nitroprusside (8 gg kg-'min-') retarded rather than improved the recovery of PSR potentials after spinal cord ischaemia. All of these drugs failed to improve the spinal cord blood flow during ischaemia and reperfusion. 4 These results suggest that nicorandil promotes the recovery of polysynaptic reflex potentials after spinal cord ischaemia by opening the KATP channels of neurones rather than by increasing local blood flow. K+ channel openers may exert a salutary effect on the functional recovery of the ischaemic spinal cord.
Introduction
ATP-sensitive K+ channels were first described in cardiac cells by Noma (1983) . Subsequently, the channels have been identified in various tissues, such as skeletal muscle (Spruce et al., 1985) , pancreatic P-cells (Rorsman & Tribe, 1985) , vascular smooth muscles (Standen et al., 1989) and central neurones (Bernardi et al., 1988; Ashford et al., 1988) . The physiological roles of the ATP-sensitive K+ channels are well understood in pancreatic P-cells and cardiac myocytes, where the channels are involved in the regulation of insulin release (Ashcroft 1988 ) and the action potential shortening in the ischaemic myocardium (Cole et al., 1991; Nakaya et al., 1991) . However, the physiological significance of the ATP-sensitive K+ channels in neuronal tissues is not fully understood. Several studies have suggested that activation of the channels may be involved in the inhibition of membrane depolarization and neurosecretion during anoxia (Ben-Ari, 1989; Ben-Ari et al., 1990; Amoroso et al., 1990; Murphy & Greenfield, 1991) . Therefore, K+ channel openers may influence neurological responses during anoxia or ischaemia in the central nervous system.
When traumatic forces such as contusion, compression and destruction are applied to the spinal cord, the resultant spinal cord ischaemia may produce irreversible injuries of neurones (Ducker et al., 1978 a,b) . Therefore, the search for a drug which can preserve spinal cord function during spinal cord ischaemia may be of importance. Nicorandil is a hybrid va-'Author for correspondence at: Department of Pharmacology sodilator with a dual mechanism of action as a K+ channel opener and a nitrate (Taira, 1989) . Experimental studies have indicated that nicorandil produces a cardioprotective effect by opening the ATP-sensitive K+ channel in the ischaemic myocardium (Ohta et al., 1991; Auchanpach et al., 1992) . Therefore, the present study was undertaken to examine effects of nicorandil on changes in reflex potentials during spinal cord ischaemia and reperfusion in anaesthetized spinal cats. Since nicorandil accelerated the recovery of polysynaptic reflex potentials after spinal cord ischaemia, the effect was compared with that of nitroprusside in this study.
Methods

Animal preparations and recordings of spinal cord reflex potentials
The lumbo-sacral spinal cord was exposed by a laminectomy and immersed in a warm mineral oil pool maintained at 37.0 +0.20C. Body temperature was continuously monitored with a rectal thermistor and maintained constant with a thermostatically-controlled water pad. All the ventral roots from L6 to S3 were sectioned. Monosynaptic reflex (MSR) and polysynaptic reflex (PSR) potentials were recorded from the ipsilateral L7 or SI ventral root with a bipolar silver electrode. The central end of the resected tibial nerve was stimulated with a bipolar platinum L hook electrode in a mineral oil pool at a rate of 0.2 Hz. The stimulus was a rectangular pulse of 0.2 ms duration at 8-10 times the threshold, which produced the maximum MSR potentials. The stimuli were delivered by an electronic stimulator (Nihon Kohden SEN-i 101, Tokyo, Japan) through an isolation unit (Nihon Kohden SS-IOIJ). Evoked potentials were amplified and displayed on an oscilloscope (Nihon Kohden VC-9) and five consecutive sweeps were superimposed on a Polaroid film.
Spinal cord blood flow was measured with a laser-Doppler flowmeter (Advance ALF2100, Tokyo, Japan). The probe was positioned over the spinal artery, and the blood flow through the artery was continuously monitored. The changes in the blood flow and blood pressure during ischaemia and reperfusion were recorded with a pen recorder (Yokogawa Technicorder F 3052, Tokyo, Japan).
Experimental protocol and drugs
In order to produce a lumbo-sacral spinal cord ischaemia, the aorta and the bilateral internal mammary arteries were occluded with bulldog clamps for 10 min. An occlusion of 10 min was repeated after an interval of more than I 10 min. All cats were randomly divided into six groups: (1) Saline vehicle group (n = 10), cats received saline infusion before the second spinal cord ischaemia; (2) nicorandil group, nicorandil at a dose of 10 pg kg-' (n=4), 30 gg kg-' (n = 4) or I100 tRg kg-' (n = 5) was intravenously administered 10 min before the second ischaemia; (3) pinacidil group (n = 9), pinacidil (100 jg kg-') was intravenously administered 10 min before the second ischaemia; (4) glibenclamide-nicorandil group (n= 5), glibenclamide (3 mg kg-') was injected 20 min prior to the second ischaemia and then 100 jig kg-' of nicorandil was given 10 min before the occlusion; (5) glibenclamide group (n = 8), glibenclamide at the same dose alone was given 20 min before the second ischaemia; (6) Figure 1 . These potentials were completely depressed within 2-3 min after the occlusion of the thoracic aorta and the internal mammary arteries. After the removal of the occlusion, the potentials reappeared gradually and returned to the control level within 110 min, as shown in Figure 1 . It was confirmed that the time course changes in reflex potentials during reperfusion were reproducible when the spinal cord ischaemia of 10 min was repeated at an interval of 110 min or more in 10 cats. Nicorandil per se did not significantly affect MSR or PSR potentials during the pre-ischaemic period. Pretreatment with nicorandil at a dose of 100 jg kg' significantly accelerated the recovery of PSR potentials after the second spinal cord ischaemia (Figure 1 ). At 15 min after reperfusion the area of the PSR potentials was 25+9% of the preocclusion level without any drug treatment (Control) while it was 65+10% after the administration of nicorandil (P< 0.05, n = 5, Figures  1 and 2) . However, the recovery of MSR potentials was not significantly affected by nicorandil. The accelerating effect of nicorandil on the recovery of PSR potentials was dose-dependent, as shown in Figure 2 . Nicorandil at a dose of 30 pg kg-slightly but significantly improved the recovery of PSR potentials (n = 4, P < 0.05) although the drug at a lower dose of 10 jig kg-failed to affect the recovery (n = 4, NS). In 2 animals, 300 pg kg' nicorandil was administered prior to the second spinal cord ischaemia. However, the high dose of nicorandil markedly decreased the mean blood pressure to less than 50 mmHg and failed to accelerate the recovery of PSR potentials (data not shown).
Similar results were also obtained when the cats were treated with pinacidil, another K+ channel opener. Pretreatment with pinacidil (100 jg kg-') prior to the second occlusion did not affect the reflex potentials during the pre-ischaemic period. Pinacidil also accelerated the recovery of PSR potentials after the second spinal cord ischaemia. At 15 min reperfusion, the area of PSR potentials was 59+7% of the preocclusion level, which was significantly larger than that of the control recovery (34+4% at 15 min, P<0.05, n=9, Figure 2 ). Thus, K+ channel openers all accelerated the recovery of PSR potentials after the spinal cord ischaemia in anaesthetized cats.
The accelerating effect of nicorandil on the PSR potential recovery was abolished by co-administration of glibenclamide, a sulphonylurea which blocks ATP-sensitive K+ channels in various tissues. (Edwards & Weston, 1993 (Figure 2 ).
In the following experiments effects of nitroprusside, a vasodilator which increases cyclic GMP in various cells (Ahlner et al., 1991) (Lamping et al., 1984; Gross et al., 1987; Grover et al., 1990; Auchampach et al., 1992 Nicorandil is a hybrid vasodilator exerting a dual mechanism of action as a K+ channel opener and a nitrate (Taira, 1989 be involved in the acceleration of PSR potentials after spinal cord ischaemia. This concept is also supported by the present findings that nitroprusside, a donor of nitric oxide (NO), failed to accelerate the recovery of PSR potentials. Moreover, a higher dose of nitroprusside significantly retarded the recovery. We cannot exclude the possibility that the slowed recovery of PSR potentials after the high dose of nitroprusside might stem from the decrease in RBF associated with a marked reduction of blood pressure. However, it is interesting to note several studies showing that NO production caused deleterious effects on neuronal injuries during cerebral ischaemia and reperfusion (Nowicki et al., 1991; Kader et al., 1993; Faraci & Brian, 1994) . Therefore, the nitrate action of nicorandil might partly offset the beneficial action resulting from the KATP channel-activating property.
Although the specific mechanisms underlying the beneficial effect of K+ channel openers on the functional recovery after spinal cord ischaemia remains unknown, some speculation may be permissible. High affinity [3H]-glibenclamide binding sites, putative neuronal KATp channels, were observed not only in the brain (Bernardi et al., 1988; Mourre et al., 1989) but also in the spinal cord (Miller et al., 1991; Jiang et al., 1992) . It was reported that in hippocampal neurones, anoxia induced an early hyperpolarization which was blocked by glibenclamide (Ben-Ari 1989; Mourre et al., 1989) . In addition, K+ channel openers reduced the depolarization, which might lead to release of glutamate, following the early hyperpolarization. Therefore, K+ channels openers may reduce ischaemic injuries by counteracting the neurotoxic action of excitatory amino acids. Recently it was also reported that K+ channel openers including nicorandil and pinacidil were shown to inhibit yaminobutyric acid (GABA) release from slices of substantia nigra Schmid-Antomarchi et al., 1990) . Previous reports from our and other laboratories indicated that acute spinal ischaemia followed by reperfusion reduced the GABA level of the spinal cord probably by increasing GABA release (Homma et al., 1979; Martiniak et al., 1991; Zhang et al., 1994) . Since GABA receptor stimulation inhibited the recovery of PSR potentials after spinal cord ischaemia (Suzuki et al., 1995) , nicorandil and pinacidil might inhibit the depolarization-induced GABA release from spinal cord neurones and enhance the recovery of PSR potentials.
Another possibility may be that K+ channel openers counteract the depression of synaptic potentials resulting from the decrease of the inward calcium current in the presynaptic terminals. Somjen and his coworkers reported that hypoxia produced a failure of synaptic transmission in the isolated spinal cord of mice potentially due to slight depolarization of the resting membrane and depression of calcium-dependent action potentials (Urban & Somjen, 1990; Czeh & Somjen, 1990) . The K+ channel openers may have maintained the calcium current by some mechanism(s) under ischaemic conditions. However, these considerations are only speculative and further studies are needed to clarify the precise underlying mechanisms.
In the present study, glibenclamide per se failed to affect the recovery of PSR potential after spinal cord ischaemia although the drug significantly antagonized the effect of nicorandil. One possible explanation may be that openings of the KATP channel during spinal cord ischaemia might be minimal and that the KATP channels might be significantly activated by the administration of K+ channel openers. In the present study, the recovery of MSR potentials after spinal cord ischaemia was not significantly affected by the drugs examined in this study. It has long been known that spinal interneurones are more susceptible to ischaemic insults than motoneurones (Murayama & Smith, 1965; Homma et al., 1979) . Therefore, MSR potentials, in which interneurones are not involved, might be less sensitive to pharmacological modulation. In addition, it has been reported that glibenclamide binding sites, i.e. KATP channels, are higher in the posterior horn than in the anterior horn of rat spinal cord (Mourre et al., 1990) .
When traumatic forces are applied to the spinal cord, resultant spinal cord ischaemia seriously injures the neurones. The present study has demonstrated for the first time that K+ channel openers accelerate neurological recovery after spinal cord ischaemia although the precise mechanism of spinal protection is still obscure. In addition, it remains undetermined whether K+ channel openers can retard neuronal death after longer spinal cord ischaemia. Further studies are required to evaluate the effects of K+ channel openers on ischaemic injuries of the central nervous system including the spinal cord.
